Accurate information on drug use in communities is essential if health, social and economic harms associated with illicit drug use are to be addressed efficiently. In most countries population drug use is estimated indirectly via surveys, medical presentations and police and custom seizures. All of these methods have at least some problems due to bias, small samples and/or long time delays between collecting the information and analysing the results. Recently the direct quantification of drug residues in wastewater has shown promise as a means of monitoring drug use in defined geographical areas. In this study we measured 3,4-methylenedioxymethamphetamine (MDMA), methamphetamine and benzoylecgonine in sewage inflows in metropolitan and regional areas of Australia and compared these data with published European data. Cocaine use was small compared to European cities (p < 0.001) but was compensated for by much greater consumption of methamphetamine (p < 0.001) and MDMA (p < 0.05). MDMA was 2 more popular in regional areas (p < 0.05) whereas methamphetamine and cocaine were mainly consumed in the city (p < 0.05). Greater than 5-fold increases in MDMA use were detected on weekends (p < 0.001). This approach has the potential to improve our understanding of drug use in populations and should be further developed to improve prevention and treatment programs.
Post a revised personal version of the text of the final journal article (to reflect changes made in the peer review process) on your personal or institutional website or server for scholarly purposes*, incorporating the complete citation and with a link to the Digital Object Identifier (DOI) of the article 7
th November 2011
Introduction
Accurate information on drug use in communities is essential if health, social and economic harms associated with illicit drug use are to be addressed efficiently. In most countries population drug use is estimated indirectly via surveys, medical presentations and police and customs seizures. All of these methods have at least some problems due to bias, small samples and/or long time delays between collecting the information and analysing the results. Surveys are also very costly, limiting their use, and are unable to provide sufficient resolution in small regional population areas.
There are several important consequences of these limitations in current methods. One Recently, the measurement of illicit drugs in wastewater as a means of direct and quick assessment of drug use in a community has been explored in a number of countries [1] . The advantages of developing this technology to improve information on illicit drug use have been recognised [2, 3] . The first reported study was conducted in Italy and sampled from the River Po as well as four wastewater treatment plants servicing medium-sized Italian cities [4] . Data showed that benzoylecgonine, the major human metabolite of cocaine, was present in the samples. Subsequent studies by this group and others have extended these findings to a number of different geographical locations in Europe and North America [1, 5] . The markers for a number of additional illicit drugs including methamphetamine, heroin and cannabis have also now been assessed [6] [7] [8] Traditionally, information on population drug use in Australia is mainly obtained from a project named National Drug Strategy Household Survey (NDSHS), which is carried out by the government once every three years [9] . The reports derived from the survey are very informative, but limited data on weekly fluctuation and geographic difference of the drug use is provided, also up-to-date information is unavailable. It is also reported that the use pattern of illicit stimulants in Oceania differs from Europe, with methamphetamine and 3,4-methylenedioxymethamphetamine (MDMA) more popular in Australia and cocaine users equally distributed in these two continents [10] . However, these differences are based on survey, seizure and anecdotal evidence, and we hypothesised that wastewater analysis data of Australia and Europe would provide a more objective comparison.
Hence, in this study we applied this novel approach to wastewater samples collected in the State of South Australia from a number of metropolitan and regional wastewater treatment plants on midweek and weekend days, confined our analysis to the stimulant drugs (methamphetamine, MDMA and cocaine), and then compared our results with previously published data from Europe. (Table 1) . No more than one sample was collected from one plant in 1 day. The samples were stored frozen until analysis.
Materials and methods

Sample collection
Drug analysis
Samples were thawed to room temperature and mixed by inverting several times, and then filtered under vacuum using glass microfiber filters GF/A 1. analytes were as follows: nitrogen was used as the nebulizer and auxiliary gas, the ion spray voltage (IS) was maintained at 4.0kV and the source temperature (TEM) was 650°C, the curtain gas (CUR), gas 1 (GS1), gas 2 (GS2) and collision gas (CAS) were set at 30, 70, 70 and 'medium', respectively. Three transitions were used for each analyte and the most responsive one was used for quantitation. The most responsive transition of each internal standard was also monitored for quantitation. Settings for compound-dependent parameters are summarised in Table 2 .
Validation
The limits of quantitation (LOQ) were established as the concentration of the analytes in distilled water that gives rise to peak height with an S/N of 10. They were set at 2ng/L for methamphetamine and MDMA, and 10ng/L for benzoylecgonine. Using the above LC/MS/MS conditions, methamphetamine and MDMA were linear up to 500ng/L, and benzoylecgonine to 2500ng/L (r 2 > 0.998 for all analytes). The absolute recovery of the extraction method for MDMA, methamphetamine and benzoylecgonine were found to be 86.5 -92.0%, 80.5 -85.7%, and 53.7 -61.2%, respectively. Using internal standards, the relative recovery was 97.9 -102.1% for MDMA, 97.6 -102.4% for methamphetamine and 98.8 -101.2% for benzoylecgonine.
Reproducibility of the method was evaluated by analysing one wastewater sample for 10 times on each of 2 days. The RSD% was found to be 3.66% for MDMA, 1.07% for methamphetamine, and 4.08% for benzoylecgonine, respectively.
Data analysis
The concentrations of methamphetamine and MDMA were calculated by multiplying the concentration of spiked internal standard by the ratio of analyte peak area to internal standard peak area of the diluted set. The most responsive transitions were used for quantitation, and the other transitions were used for identification of the analytes (see Table 2 ). The concentration of benzoylecgonine was determined in the same way using the undiluted set.
Drug consumption estimation was based on the recent reported method [11] , in which drug excretion per 1000 of the population was calculated from the known concentration of drug measured in sewage, daily flow of sewage to the wastewater treatment plant and population served by the plant.
For temporal comparison, only data from metropolitan samples were used.
Considering a 24-hour composite sample is a mixture of samples collected flow-dependently from 8:00 am of the day before sample collection day to 8:00 am of the sample collection day, the metropolitan samples collected on Tuesday, Wednesday or Thursday were grouped as mid-week samples, and those collected on Saturday, Sunday or Monday were grouped as weekend samples.
Similarly, geographic comparison was based on metropolitan samples collected on Wednesdays and regional samples grabbed on Tuesday, considering the fact that the Wednesday composite samples were collected from Tuesday morning to Wednesday morning.
All samples collected from metropolitan plants were used for international comparisons. Data were analysed using the following procedure: first, average daily disposition of drug residues on each day of a week of each of the three plants was estimated; then daily disposition on each day of the week in Adelaide was calculated as the average of the three plants; finally, daily excretion of the drug residues in Adelaide was expressed as the average of seven days. The final data were then used for comparison with published data in European cities.
Data were analysed by GraphPad Prism TM software. Means and standard error of the means were calculated. One-way ANOVA with Tukey's post hoc tests or unpaired two-tailed t-tests were applied as appropriate.
Results
MDMA, methamphetamine and benzoylecgonine were detected in all of the samples taken from metropolitan plants (Fig. 1) . When samples collected midweek were compared to weekend collections, higher concentrations of stimulants in weekend samples were observed (p < 0.05). In particular, weekend use of MDMA was five times higher than mid-week use (p < 0.001).
A direct comparison of drug amount between metropolitan and regional samples demonstrated geographical differences (Fig. 2) . MDMA use in regional areas was twice as high (p < 0.05) as in Adelaide. In contrast, methamphetamine use was higher in metropolitan areas (p < 0.05). Only low concentrations of cocaine metabolite were detected in regional samples whereas it was easily found in samples from the city (p < 0.001). Table 3 
Discussion
Our analysis of wastewater has consistently detected illicit stimulant drugs and shown geographical as well as time of the week differences in drug concentrations. We have no way of identifying if these differences are due to the number of drug users or the daily dose consumed or a combination of both. This would require some adjunct survey data. However, data derived from wastewater analysis with the unit mg/d/1000
people may be regarded as a unique indicator related to drug prevalence that is comparable among different situations [2] .
The results suggest that weekend use of drugs was more than midweek use. This change is similar to those reported by other authors. Zuccato et al [11] showed increased concentrations of cocaine and MDMA on the weekend wastewater samples in Italy. van Nuijs et al [12] found higher concentration of cocaine and its metabolites in Belgian weekend samples. Cocaine and MDMA consumption on weekends and during a music festival were higher than weekdays in France [13] . Occurrence of methamphetamines, MDMA as well as cocaine and its metabolites showed an increase on weekends in Spain [14, 15] . Benzoylecgonine and MDMA concentrations were higher in weekend samples in the study carried out in Croatia [16] . Estimated consumption of cocaine and amphetamines is also higher on weekends in Canadian cities [5] .
This study found that cocaine was more popular in urbanised areas, which agreed with the studies in Europe [12, 13, 17] MDMA and methamphetamine were found in one of the smallest urban area investigated in Spain [17] .
In this article we compared stimulant use in Australia with that in UK and Italy, though wastewater epidemiological studies were also carried out in other European countries such as France [13] , Spain [17] , Germany [19] , Belgium [12] , Switzerland [11] and Croatia [16] . Detailed drug profiles were different from country to country, but the levels were of the same order in western European countries, with the exception that cocaine use in Croatia was several times lower [16] . Our study has
shown large difference in stimulant use between Australia and the European countries.
This finding agrees with the World Drug Report data [10] showing higher use of MDMA and methamphetamine in Australia compared to all other countries surveyed.
However, the present study showed that methamphetamine and MDMA prevalence in
Australia were approximately 10-40 times higher than European countries, which was much greater than expected from international survey data [10] . Besides, the World Drug Report suggested that the proportion of cocaine users was similar in Europe and
Oceania [10] , while the wastewater analysis data showed that in Europe the prevalence of cocaine use might be approximately thirty times higher than Australia.
van Nuijs et al [12] calculated cocaine consumption in Belgium and by extrapolation estimated that the prevalence of cocaine users in Belgium was 0.8%, which agreed with the data provided by the United Nations Office on Drugs and Crime [20] .
According to a study carried out by Postigo et al [17] in Spain, the order of drug abundance in wastewater was slightly different from the official profile. The observations of Zuccato et al [4] for benzoylecgonine in Italian wastewater indicated that use of cocaine was about 40,000 doses per day, which was much higher than officially estimated. The procedures used in these wastewater epidemiology studies were similar, but while some of their results were similar to the survey data, others showed large differences. One possible reason is the bias inherent in self-report surveys since they were nation-dependent in design and protocol.
It would be ideal if all the samples analysed in this study were composite samples collected flow-dependently for 24 hours. However, since the auto samplers were not available in regional wastewater treatment plants, only grab samples could be obtained from these sources. Thus, comparison between drug use in metropolitan and regional area were based on comparison of composite and grab samples. Little is known about the difference between a composite and a grab sample from a regional plant, hence whether the grab samples could represent actual drug use in these regional areas or not were uncertain. One possible solution to this issue so far would be increasing the sample size to minimize the random error, which was what we tried to do in this study.
The issue of the analytes of interest being the result of non-illicit drug use was considered. Selegiline, a prescription drug, is used in the treatment of Parkinson's disease. Approximately 37% of oral administered selegiline is excreted as l-methamphetamine in the urine [21] . This amount of l-methamphetamine from selegiline use may contribute to the methamphetamine concentration in the wastewater because the current LC/MS/MS method was not able to differentiate l-methamphetamine from its isomer, the illicitly used d-methamphetamine. However, it was estimated that from 2006 to 2008, for every 1000 people in Australia about 0.5mg of selegiline was consumed daily [22] . Hence, selegiline use only causes about 0.5 × 37% = 0.185 mg/d/1000 people of methamphetamine excretion in the community, which is far below the level of methamphetamine detected in this study.
Use of famprofazone (an analgesic and antipyretic agent) and benzphetamine (an anorectic agent) may also result in excretion of methamphetamine [23, 24] , but these two medications are not prescribed in Australia. Hence, the methamphetamine detected in this study was mainly from the illicit use of methamphetamine. No pharmaceutical drug is metabolised to MDMA or benzoylecgonine, hence the only source of these residues in wastewater is the illicit use of MDMA and cocaine.
In this study only the use of cocaine, MDMA and methamphetamine were monitored.
However, we are currently fine-tuning our analysis procedures in order to determine a larger range of illicit drug residues and utilize this method to observe other illicit drug use in Australia. Also, it should be noted that our results were only from one state and may not accurately reflect Australia's drug use as a whole. Expanding the sampling sites to other states of Australia to get a full picture of Australian drug use is planned.
Moreover, some technical issues that we are examining may improve the reliability of the estimates. These include degradation of analytes in wastewater and employing a population biomarkers to normalize the drug concentrations for a measured population [25] .
This study shows the utility of analytical chemistry in the field of drug use monitoring.
Zuo et al. also demonstrated another novel way to monitor drug use, in which GC-MS was employed to detect cocaine on US paper currency [26] . These studies together with other similar ones indicated that development of methods based on modern analytical chemistry could be a new trend in drug use monitoring.
This study estimated the stimulant use in Australia using wastewater epidemiology and compared the data with the other recent studies in Europe. This report along with the others indicates that wastewater analysis can be used to identify geographic and temporal changes in drug use in urban and regional communities. The method provides objective and timely data that cannot be gleaned from traditional epidemiological methods. Therefore, it has great potential application in objectively measuring outcomes when time-and area-specific campaigns are to be planned and evaluated by police and health care agencies. Continued development of this approach to achieve a standardised method for a range of drugs which could be applied globally would have huge benefits to all agencies involved in drug issues. A comparison of amount of analytes detected in sewage inflows collected in metropolicatn and regional centers expressed as mg/day/1000 people, mean ± SEM.
*p < 0.05 and ***p < 0.001 two-tailed t-test; n = 10. Meth = methamphetamine and BE = benzoylecgonine. A comparison of amount of analytes detected in sewage inflows collected in metropolicatn and regional centers expressed as mg/day/1000 people, mean ± SEM.
*p < 0.05 and ***p < 0.001 two-tailed t-test; n = 10. Meth = methamphetamine and BE = benzoylecgonine.
